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The cascade of herpes simplex virus (HSV) gene expression that results in viral replication begins with the
activation of viral immediate-early (IE) genes by the virion-associated protein VP16. VP16 on its own is
inefficient at associating with complexes formed on IE gene promoters and depends upon the cellular factor
HCF for its activity. In this respect VP16 mimics the host basic leucine zipper (bZIP) protein Luman, which
also requires HCF for activating transcription. Our objective is to explore interactions between Luman and
HCEF and to determine if they play a role in the biology of herpesviruses. In this report we show that in cultured
cells ectopically expressed Luman was retained in the cytoplasm, where it colocalized with Calnexin, a protein
normally associated with the endoplasmic reticulum (ER). Retention of Luman in the ER depends on a
hydrophobic segment of the protein that probably serves as a transmembrane domain. Deletion of this domain
changed the intracellular location of Luman so that most of the mutant protein was in the nucleus of cells.
While HCF was present in the nucleus of most cells, in cells expressing Luman it was retained in the cytoplasm
where the two proteins colocalized. This cytoplasmic association of Luman and HCF could also be demon-
strated in neurons in trigeminal ganglia removed from cattle soon after death. Cells in tissue culture that
expressed Luman, but not a mutant form of the protein that fails to bind HCF, were resistant to a productive
infection with HSV type 1 (HSV-1). We hypothesize that similar Luman-HCF interactions in sensory neurons
in trigeminal ganglia result in the suppression of viral replication and the establishment of latency. Interest-
ingly, Luman could activate the promoters of IE110 and LAT, two genes that are critical for reactivation of

HSV-1 from latency. This suggests a role for Luman in the reactivation process as well.

Infection for the first time with an alphaherpesvirus leads to
active replication of the virus in epithelial cells at the portal of
entry. The virus spreads to adjoining cells but also enters the
termini of sensory nerves, innervating the site of replication. It
is then transported along axons to neuronal cell bodies in
sensory ganglia, where it establishes a latent infection. The
virus is relatively quiescent during the latent state but is reac-
tivated periodically to replicate and move back down the axons
to reinfect epithelial surfaces (reviewed in reference 42).

Herpes simplex virus type 1 (HSV-1) and Bovine herpesvirus
type 1 (BHV-1) are alphaherpesviruses that usually cause pri-
mary infections in epithelia of the oropharynx and face. The
main sites of latency for these viruses are neurons in the tri-
geminal ganglia (recently reviewed by Jones [18]). During la-
tent infections by HSV-1 and BHV-1, transcripts arising from
only a small portion of the viral genomes (LAT or LRG,
respectively) can be detected in neurons. The exact role of
these transcripts in the establishment of the latent infection
and in reactivation from it is unclear. However, evidence sug-
gests that the transcripts themselves or products derived from
them are required for the efficient establishment and mainte-
nance of the latent state (7, 9, 12, 45). Paradoxically, these
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transcripts also appear to play a role in reactivation from
latency (3, 4, 10, 17, 38, 39).

In contrast to the latent state, productive infection in epi-
thelial cells by HSV-1 (reviewed in reference 43) and BHV-1
(31) leads to the expression of large number of viral regulatory,
enzymatic, and structural proteins. The genes for these pro-
teins are expressed in a regulated cascade, and most genes can
be categorized as immediate-early (IE or «), early (E or B), or
late (L or ), depending on the order of their expression during
infection. This cascade is initiated when the expression of IE
genes is activated by a viral protein brought into the cell as a
component of the infecting virion. This protein, VP16 or «
gene trans-inducing factor («TIF), recognizes cis-acting re-
sponse elements, the octamer-GARAT and TAATGARAT (R
is a purine) sequences, in promoters of IE genes (32, 35, 40,
51). Unlike other transcription activators, VP16 does not di-
rectly contact its response element but binds to the cellular
protein Oct-1 attached to the octamer or TAAT portion of the
element (1, 13, 23, 29, 30, 35, 41, 47). Another host protein,
HCEF, is required for this interaction (13, 19, 56). It is not
known why the viruses have evolved to rely on these cellular
factors for the initiation of their replicative cycles.

Several studies (16, 21, 50) indicate that the ordered cascade
of gene expression seen in infected cultured cells does not
accompany the reactivation of latent virus. However, the
HSV-1 IE protein IE110 (ICPO) may have a specialized role in
the reactivation from latent infections. Viruses containing de-
letions in the gene are impaired in their ability to reactivate
from latent infections (25, 48). In addition, in a tissue culture
model of latency exogenously supplied IE110 but not another
IE protein could induce latent virus to reactivate (44). Since
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VP16 is not detected in latently infected neurons and is not
required for reactivation (46), it is assumed that the expression
of IE110 is induced during reactivation by neuronal factors.

The human HCF proteins are derived by the posttransla-
tional processing of a single large precursor (22, 53). The gene
for HCF is conserved in a wide variety of metazoan species
and, although HCF was initially defined by its role in VP16-
Oct1-TAATGARAT complex formation, its ubiquitous nature
suggests that it plays a fundamental role in the cellular biology
of the metazoa. When cells with a temperature-sensitive mu-
tation in HCF are grown at elevated temperatures, they arrest
in the G,/G, phase of the cell cycle (15). HCF is therefore
thought to regulate some aspect of cell replication. However,
its role in this process, or other cellular processes, is not
known.

Recently, Kristie and coworkers reported that while HCF is
located in the nucleus of most cells, it is sequestered in the
cytoplasm of neurons of trigeminal ganglia (24). Death of the
animal or stimuli that trigger the reactivation of latent herpes-
viruses leads to the movement of the protein to the neuronal
nuclei. These observations suggest that the regulated translo-
cation of HCF to the nucleus may trigger the reactivation of
alphaherpesviruses from their latent state.

To determine the role of HCF in normal cellular physiology
and in herpesvirus gene expression, we and others have iden-
tified a cellular protein which, like VP16, interacts with HCF.
This protein, called Luman (27) or L-ZIP (11), is a basic
leucine zipper (bZIP) containing transcription activator. In
transient-expression assays Luman can activate expression of
genes linked to cyclic AMP response elements (CRE). It can
also bind these elements in vitro. Luman shares with VP16 the
HCEF binding motif D/EHXYS/A and activation of CRE-con-
taining promoters by Luman requires binding to HCF through
this motif (11, 28).

This report describes interactions between HCF and Luman.
We show that in cultured cells ectopically expressed Luman is
retained in the cytoplasm, where it colocalizes with Calnexin, a
protein normally associated with the endoplasmic reticulum
(ER) (37, 52). Retention of Luman in the ER depends on a
hydrophobic segment of the protein that probably serves as a
transmembrane domain. Deletion of this domain changed the
intracellular location of Luman so that most of the mutant
protein was in the nuclei of cells. While HCF was present in
the nuclei of most cells, in cells expressing Luman it was re-
tained in the cytoplasm. This cytoplasmic association of Luman
and HCF could also be demonstrated in neurons in trigeminal
ganglia removed from cattle soon after death. Cells in tissue
culture that expressed Luman were resistant to a productive
infection with HSV-1, presumably because of insufficient HCF
in the nucleus to allow for efficient IE gene expression. We
hypothesize that similar Luman-HCF interactions in sensory
neurons in trigeminal ganglia result in the suppression of viral
replication and the establishment of latency. Interestingly, Lu-
man could activate the promoters of the IE110 and LAT genes,
suggesting a role for Luman in the reactivation process as well.

MATERIALS AND METHODS

Materials. All restriction endonucleases, other DNA-modifying enzymes, me-
dia for tissue culture, and other reagents (unless stated otherwise) were pur-
chased from Canadian Life Technologies.

Plasmids. The construction of pcLuman and pGEXLuman (27), pcLuman(1-
220) and pcLuman(Y81A) (28), pAB2 (36), and pAB-167 (33), as well as that of
pBB8 and pBB15 (2), have been described. pcLuman contains the coding se-
quence of Luman, as well as an amino-terminal FLAG epitope cloned into the
mammalian expression vector pcDNA3 (Invitrogen). pcLuman(1-220) and
pcLuman(Y81A) are similar to pcLuman except that pcLuman(1-220) contains
only the first 220 amino acids of Luman followed by a termination codon. In
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pcLuman(Y81A) tyrosine 81, a critical residue in the HCF binding domain of
Luman, has been changed to alanine. pGEXLuman contains the coding se-
quences of Luman linked to the sequences for glutathione S-transferase (GST).
Plasmid AB2 contains the promoter sequences of the HSV IE110 gene that lie
downstream from the last octamer-GARAT motif linked to the coding sequences
of chloramphenicol acetyltransferase (CAT). In pAB2-167 the octamer-GARAT
at position —167 in the IE110 promoter has been added to the minimal IE110
promoter of pAB2. The plasmids BB8 and BB15 were obtained from Peter
O’Hare. Plasmid BB8 contains 608 bp of DNA upstream from the start of
transcription of the HSV-1 latency-associated transcript (LAT), while pBB15
contains 143 bp of this sequence.

In pAB2-CRE1 we changed the putative CRE, AATCGTCA, to AATCGaCt
(lowercase letters represent differences from the wild-type sequence) by using
the QuickChange site-directed mutagenesis kit (Stratagene). The two comple-
mentary oligonucleotides used for the mutagenesis were ATTGGGGGAATCG
aCtCTGCCGCCCTT and AAGGGGCGGCAGaGtCGATTCCCCCAAT. Sim-
ilarly, the complementary oligonucleotides ACCAGCAGCAGCAGCATGTAC
TCCTCTGAC and GTCAGAGGAGTACATGCTGCTGCTGCTGGT were
used to delete the putative transmembrane domain of Luman in pcLuman. The
resulting plasmid was called pcLumanATm.

Antibodies. The fusion protein GST-Luman was produced in Escherichia coli
BL21(DE3) (Novagen) and purified by using glutathione-Sepharose beads
(Pharmacia) as described previously (32). Antibodies were produced at the
University of Saskatchewan Animal Resources Centre by immunizing rabbits
with about 150 wg of protein in Freund’s complete adjuvant. Two weeks after
primary immunization the rabbits were given booster injections of 150 ug of
protein in Freund’s incomplete adjuvant. They were bled for serum 2 weeks later.
Control serum samples were obtained from the rabbits before immunization.
The animals were treated in accordance with protocols approved by the Univer-
sity of Saskatchewan Animal Care Committee. The anti-Luman serum specifi-
cally detects Luman in Western blots of in vitro-synthesized Luman (TnT; Pro-
mega) and lysates of transfected mammalian cells.

Rabbit polyclonal antibodies against HCF were obtained from Winship Herr
(Cold Spring Harbor Laboratories), and monoclonal antibodies against HSV-1
gC were from Lenore Pereira (University of California, San Francisco). Mouse
monoclonal antibodies against the FLAG epitope were purchased from the
Sigma Chemical Co., and rabbit antibody against the carboxyl terminus of canine
Calnexin was purchased from StressGen Biotechnologies Corp.

Transfection and immunofluorescence. HeLa or COS7 cells were grown and
transfected as described before (6). For immunofluorescence, cells were grown
on circular 18-mm-diameter micro-cover glasses (VWR Scientific) in six-well
Falcon tissue culture plates (Becton Dickinson). At 40 h after transfection the
cover glasses were rinsed once with phosphate-buffered saline (PBS), and the
cells were fixed for 20 min in methanol kept at —20°C. The cells were then kept
for 20 min in blocking solution (PBS containing 10% newborn calf serum). The
cells were incubated for 20 min with primary antibodies appropriately diluted in
blocking solution, washed three times in PBS and once in blocking solution, and
then incubated with diluted goat anti-rabbit or anti-mouse antibodies tagged with
either Alexa,gg or Alexas, (Molecular Probes, Inc.) for 20 min. After being
washed as described above, the cover glasses were mounted on glass slides over
PBS containing 20% glycerol and sealed with clear nail polish.

The slides were observed by using a Zeiss Axioskop microscope equipped for
epifluorescence and the appropriate filters. Images were captured by using
Northern Eclipse image analysis software (Empix Imaging, Inc.). Figures for this
report were prepared by using Adobe Illustrator 7.0 and Adobe Photoshop 4.0
(Adobe Systems, Inc.).

Assays for CAT were performed by using an enzyme-linked immunosorbent
assay kit (Boehringer Manneheim) as recommended by the manufacturer.

Trigeminal ganglia. Trigeminal ganglia were scavenged from cattle euthanized
because of terminal illness at the Veterinary Teaching Hospital, Western College
of Veterinary Medicine, or at the Veterinary Infectious Diseases Organization.
Ganglia were removed, trimmed, embedded in O.C.T. Compound (Tissue-Tek),
and frozen immediately in liquid nitrogen. Sections (6 pm) were cut on a Micron
cryostat and fixed in methanol. The sections were either stained with hematoxylin
and eosin by using routine procedures or were processed for immunofluores-
cence as outlined above for cells grown on cover glasses.

RESULTS

Location of Luman in cells transiently expressing the pro-
tein. To determine the location of Luman in cells, we trans-
fected HeLa cells with pcLuman, a mammalian expression
vector containing the coding sequences for Luman, linked to
the FLAG epitope. Transfected cells were then probed with
mouse anti-FLAG antibodies, rabbit anti-Luman antibodies,
or a combination of the two antibodies. Bound antibodies were
visualized with the appropriate fluorescence (Alexa)-labelled
anti-mouse or anti-rabbit antibodies. In a transfected culture
ca. 5 to 10% of the cells showed bright fluorescence with either
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FIG. 1. Location of Luman and Calnexin in transfected cells. HeLa cells were transfected with either pcLuman (A and B) or pcLumanATm (C and D). Cells were
stained 48 h later with a mixture of anti-FLAG monoclonal antibodies which recognize FLAG-tagged Luman and rabbit anti-Calnexin antibodies, followed by a mixture
of Alexagg-tagged anti-rabbit and Alexas,q-tagged anti-mouse antibodies. The cells were visualized in a fluorescent microscope by using either a 546-nm (A and C)
or a 450- to 490-nm (B and D) filter.

antibody. Cells transfected with a control plasmid or Luman
expressing cells stained with control serum showed no fluores-
cence (not shown).

Transfected cultures contained cells that displayed a range
of fluorescence intensity presumably reflecting differences in
the amount of Luman expressed. In all cells in which Luman
was visible, most of the fluorescence was located in the cyto-
plasm in a “feathery” pattern (Fig. 1A). Occasionally, we saw
more-intense staining in small structures located just outside
the nucleus. The pattern of staining was the same when either
anti-Luman or anti-FLAG antibodies were used. When the
antibodies were used simultaneously, with anti-mouse Alexa,gg
and anti-rabbit Alexas,., the pattern of red and green fluores-
cence was completely superimposed (not shown). This estab-
lished that the anti-Luman antibody was specific for Luman. It
also suggested that although Luman had originally been ob-
tained from a HeLa cDNA library (27), these cells contain
little endogenous Luman protein.

The pattern of staining for Luman suggested that the protein
was located in the endoplasmic reticulum (ER) and Golgi
apparatus. To confirm this, transfected cells were probed si-
multaneously with mouse monoclonal anti-FLAG antibodies
and rabbit polyclonal antibodies against Calnexin, an ER
transmembrane protein (37). The anti-Calnexin bound to cy-
toplasmic structures in all cells (Fig. 1B and D) and in some
cells we also saw intense staining of structures which are prob-
ably the Golgi apparatus. In cells expressing Luman the pat-
tern of anti-Luman and anti-Calnexin staining could be super-

imposed (Fig. 1A and B). These results suggest that Luman is
posttranslationally trapped in the ER and Golgi.

To determine if Luman contains potential transmembrane
domains that may anchor it in the ER, we analyzed the pri-
mary structure of Luman by using TmPRED (K. Hofmann
and W. Stoffel, http://www.ch.embnet.org/software/TmPRED
-form.html) and PSORTII (K. Nakai and P. Horton, http:
//cookie.imcb.osaka-u.ac.jp/nakai/psort.html). Both programs
detected a stretch of 15 hydrophobic amino acids that could
serve as a transmembrane domain (Fig. 2). This putative trans-
membrane (Tm) domain lies downstream from all of the char-
acterized functional domains of Luman, including those re-
sponsible for transcription activation, HCF binding, DNA
binding, and protein dimerization (27, 28). To determine if
deletion of the domain would change the location of Luman,
we transfected cells with a plasmid coding for Luman in which
amino acids 229 to 243, which make up the putative domain,
had been deleted (Luman ATm, Fig. 2). The cells were then
stained for Luman (Fig. 1C) as well as for Calnexin (Fig. 1D).
In contrast to cells expressing full-length Luman (Fig. 1A),
where most of the protein was associated with cytoplasmic
structures, in cells expressing Luman ATm the protein was
present largely in the nucleus (Fig. 1C). In these cells Luman
and Calnexin did not colocalize (Fig. 1C and D). The latter was
located only in the cytoplasm. In cells transfected with a plas-
mid expressing a mutant of Luman truncated just before the
putative Tm domain (Luman 1-220), the protein was also
located in the nucleus (not shown). However, in these cells
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FIG. 2. Putative transmembrane domain of Luman. The top figure shows the results of TmPRED analysis of the amino acid sequence of Luman. Portions of the
protein with positive values (above the dotted line) have the potential of forming transmembrane domains. The portion of the Luman protein, residues 229 to 245, that
display a high probability of forming a Tm domain are shown. The bottom figure is a schematic diagram of Luman and the ATm and 1-220 mutants showing their
functional domains. Domains: a, activation; h, HCF binding; I, DNA binding; 1, dimerization (leucine zipper); t, putative transmembrane.

relatively little Luman was present, suggesting that the trun-
cated protein was unstable.

Luman retains HCF in the cytoplasm. We have shown that
like HSV-1 VP16, Luman binds strongly to HCF (28). Both
proteins, as well as their other viral and cellular homologues,
have a common motif, D/EHXYS/A, for binding HCF. Muta-
tions in the conserved residues of this motif reduce HCF bind-
ing both in vitro and in vivo.

HCEF is normally located in the nucleus of cells. To see if
Luman anchored in the ER could alter the location of HCF,
we simultaneously probed cells transfected with pcLuman with
antibodies against HCF and the FLAG epitope. As expected,
in cells not expressing Luman, HCF was located almost exclu-
sively in the nucleus (Fig. 3B). However, in cells expressing
Luman, HCF appeared to be retained in the cytoplasm with
Luman (Fig. 3A and B). This retention of HCF by Luman was
dependent on a functional HCF binding domain since Luman
with a mutation in its HCF binding domain (Y81A) could not
alter the nuclear localization of HCF (Fig. 3C and D). In these
cells the mutant Luman remained in the cytoplasm but most of
the HCF was nuclear.

Recently, Kristie et al. reported that while HCF is detected
in the nucleus of most cells, it is located in the cytoplasm of
neurons in the trigeminal ganglia of mice (24). Stimuli that
reactivate latent HSV in the mouse model or postmortem
changes caused the protein to move to the nucleus. To deter-
mine if Luman might be responsible for retaining HCF in the
cytoplasm of neurons, we examined bovine trigeminal ganglia

for the two proteins. Ganglia were scavenged from cattle sub-
mitted for postmortem examination after euthanasia. The gan-
glia were removed as soon as possible after death and frozen in
liquid nitrogen.

Since antibodies against both Luman and HCF had been
produced in rabbits, we were unable to probe individual sec-
tions of ganglia for both proteins. We did, however, examine
consecutive 6-pm sections and were able to find the corre-
sponding field in the sections (Fig. 4).

In the ganglia removed from adult animals within 30 min of
death, we found that about a third to half of the neuronal cell
bodies showed bright cytoplasmic fluorescence when stained
for Luman. The pattern of staining was punctate and ranged
from the entire visible cytoplasm (large arrow, Fig. 4B) to just
the periphery of the cell (small arrow, Fig. 4B). When the
adjacent section was probed for HCF, we saw that in every cell
that stained for Luman, HCF could be detected in the cyto-
plasm as well (Fig. 4C). In these cells the pattern of cytoplas-
mic staining for Luman and HCF was the same. In addition,
HCEF could also be seen in neuronal nuclei, as well as the nuclei
of accessory cells. When the removal of ganglia was delayed
beyond 30 min, fewer cells were found to stain for Luman, and
in almost all cases the staining was restricted to the periphery
of the cell body. However, in all cells staining for Luman, HCF
showed a similar cytoplasmic pattern of staining. The entire
cytoplasm of all neuronal cell bodies stained for Calnexin (not
shown). Like the cytoplasmic staining for Luman and HCF, the
pattern of Calnexin staining was also punctate.
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FIG. 3. Location of Luman and HCF in transfected cells. HeLa cells were transfected with either pcLuman (A and B) or pcLuman(Y81A) (C and D). Cells were
stained 48 h later with a mixture of anti-FLAG monoclonal antibodies which recognize FLAG-tagged Luman and rabbit anti-HCF, followed by a mixture of
Alexagg-tagged anti-rabbit and Alexasye-tagged anti-mouse antibodies. The cells were visualized in a fluorescent microscope by using either a 546-nm (A and C) or

a 450- to 490-nm (B and D) filter.

Luman protects cells from a productive infection by HSV-1.
The VP16-HCF-mediated activation of IE gene expression is
thought to substantially increase the efficiency with which the
virus can initiate infection. Since our results suggested that in
cells expressing Luman most of the HCF was sequestered in
the cytoplasm, we hypothesized that these cells would be rel-
atively insensitive to HSV-1 replication. To test this hypothesis,
we transfected cells with pcLuman or pcLuman(Y81A). At

A

48 h after transfection the cells were infected with HSV-1.
Another 20 h later the cells were fixed and probed with both
polyclonal antibodies against Luman and monoclonal antibod-
ies against HSV-1 gC. Every cell (5 to 10% of cells in the
culture) that stained for Luman was devoid of any staining for
gC (Fig. 5A and B) and did not show “cell rounding,” a char-
acteristic sign of HSV cytopathic effect (CPE). Every cell that
did not contain Luman showed strong staining for gC and HSV

C

FIG. 4. Location of Luman and HCF in trigeminal ganglia. Trigeminal ganglia were removed from a cow within 30 min of death, embedded, and frozen in liquid
nitrogen. Consecutive 6-wm sections were either stained with hematoxylin-eosin (A) or for Luman (B) or HCF (C). Rabbit anti-Luman antibodies and Alexas,,-tagged
anti-rabbit antibodies were used to visualize Luman, while rabbit anti-HCF and Alexa,gs-tagged anti-rabbit antibodies were used to visualize HCF. Corresponding fields
from the three sections were located and photographed by using the appropriate filters.
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FIG. 5. Luman protects cells from HSV in an HCF-dependent manner. HeLa cells were transfected with either pcLuman (A and B) or pcLuman(Y81A) (C and
D). At 48 h after transfection cells were infected with HSV-1 (KOS) at a multiplicity of about 10 PFU/cell. Then, 20 h later, cells were fixed and stained with a mixture
of anti-HSVgC monoclonal antibodies and rabbit anti-Luman antibodies, followed by a mixture of Alexa,gs-tagged anti-mouse and Alexas,q-tagged anti-rabbit
antibodies. The cells were visualized in a fluorescent microscope by using either a 546-nm (A and C) or a 450- to 490-nm (B and D) filter.

CPE. In contrast to cells expressing Luman, cells expressing
Luman(Y81A), a mutant with a greatly reduced ability to bind
HCEF (28) and retain it in the cytoplasm (see Fig. 3B and C),
showed brilliant staining for gC (Fig. 5C and D) and HSV
CPE.

Luman activates the IE110 promoter. The IE110 protein is
thought to be important for efficient reactivation of HSV from
the latent state (25, 44, 48). To determine if Luman had the
potential to initiate the replicative cascade by stimulating the
synthesis of IE110, we determined if Luman could activate the
IE110 promoter. Cells were transfected with pAB2-167, in
which the basal IE110 promoter containing one octamer-
GARAT element is linked to the reporter gene for CAT. We
found that Luman could activate this promoter as efficiently as
could VP16 (Fig. 6A). Also like VP16, reactivation of the
IE110 promoter by Luman depended on the ability of the
protein to bind HCF, as Luman (Y81A) was unable to stimu-
late the expression of CAT. We next examined the ability of
VP16 and Luman to activate pAB2, which contains the mini-
mal IE110 promoter from which all octamer-GARATS have
been deleted. As expected, VP16 failed to activate this pro-
moter, although Luman activated it to levels comparable to

VP16 activation of the octamer-GARAT containing promoter
(Fig. 6B). Incidently, pAB2 is almost completely inactive in
HelLa cells. This suggests that these cells contain little Luman
protein and is consistent with our inability to detect the protein
in untransfected HeLa cells by immunofluorescence.

Luman activates the IE110 promoter through a CRE ele-
ment. The IE110 promoter contains a putative CRE at position
—68 relative to the start of transcription. In this site, AATCG
TCA, the last five nucleotides (underlined) agree with the
canonical CRE motif, TGACGTCA. Since Luman binds oli-
gonucleotides containing the canonical CRE motif in vitro and
activates promoters containing the sequence in vivo (27), we
determined if Luman activated the IE110 promoter through its
CRE element. We changed the GTCA in the motif in pAB2 to
GacCt. Figure 7 shows that although Luman activated pAB2 in
an HCF-dependent manner (Luman Y81A was unable to ac-
tivate the promoter), it was unable to activate the promoter if
two nucleotides in the putative CRE motif were changed.

Luman activates the LAT promoter. The HSV-1 LAT pro-
moter also contains two putative CREs, CRE1 (26) and CRE2
(20). A mutation in CREL1 in the context of the viral genome
reduces reactivation of virus by epinephrine iontophoresis (4),
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FIG. 6. Luman activates the HSV IE110 promoter in an HCF-dependent and octamer-GARAT-independent manner. HeLa cells were transfected with target
plasmid pAB2, which has the minimal IE110 promoter linked to coding sequences for CAT, or pAB2-167, which in addition has an IE110 octamer-GARAT motif. The
cells were also transfected with pcDNA3-0 or pcDNA3 expressing Luman-Lu, Luman(Y81A)-Lu(Y81A), or VP16-VP16. At 48 h after transfection cells were lysed and

assayed for CAT.

and in a rat pheochromocytoma cell line it confers cyclic AMP
responsiveness to the LAT promoter (26). We examined the
ability of Luman to activate either the entire LAT promoter
represented by about 600 bp of DNA upstream from the start
of transcription of LAT (pBBS8) or a DNA fragment with just
the proximal 143 bp (pBB15) which contains CRE1 and CRE2.
Luman could activate both promoters about 20- to 30-fold. The
results obtained with pBB15, which is inactive in HeLa cells in
the absence of Luman, are shown in Fig. 8.

DISCUSSION

The cascade of herpesvirus gene expression that results in
viral replication begins with the activation of IE genes by the
virion-associated protein VP16. VP16 on its own is inefficient
at associating with complexes formed on IE promoters and
depends upon the cellular factor HCF for its activity. In this

3] Targets:

. pAB2 - AATCGTCA

PAB2 - AATCGaCt

CAT(ng/ml)
[\
|

Activator: pcLuman

FIG. 7. Activation of the HSV IE110 promoter requires the putative CRE
element. HeLa cells were transfected with target plasmid pAB2, which has the
minimal IE110 promoter linked to coding sequences for CAT, or pAB2 in which
two nucleotides of the CRE site have been altered (indicated). The cells were
also transfected with pcLuman. At 48 h after transfection cells were lysed and
assayed for CAT.

respect VP16 mimics the host bZIP protein Luman, which also
requires HCF for activating transcription. Our objective is to
explore interactions between Luman and HCF and to deter-
mine if they play a role in the biology of herpesviruses. The
results presented here suggest that Luman may be involved in
both the establishment of latent infections and the reactivation
of latent virus. By sequestering HCF in the cytoplasm of sen-
sory neurons, Luman may prevent the initiation of the repli-
cative cascade leading to latent infection. Subsequent release
of the Luman-HCF complex from the cytoplasm in response to
external signals and its translocation to the nucleus may acti-
vate IE110 and LAT, key viral genes required for reactivation
of the latent virus.

We found that ectopically expressed Luman in cultured ep-
ithelial cells, and possibly also in sensory neurons of the tri-
geminal ganglia, is retained in the ER. This is reminiscent of
the sterol enhancer binding proteins (SREBPs) (5). These
leucine-zipper-containing transcription activators are also se-
questered in the ER and are released by proteolysis in re-
sponse to reduced levels of cholesterol and sterols in the cel-
lular environment. Subsequently, SREBPs are translocated to
the nucleus, where they coordinately activate the expression of
several genes involved in cholesterol and fatty acid biosynthe-
sis. This strategy has probably evolved to allow a rapid re-
sponse to low levels of substances that are critical for cellular
survival.

Like the SREBPs, Luman is anchored to the ER by a hy-
drophobic domain. We found that deletion of this domain
dramatically altered the location of Luman in the cell. Mutants
of Luman that either lacked the transmembrane domain (Lu-
man ATm) or lacked the domain as well as sequences down-
stream from it (Luman 1-220) accumulated in the nucleus.
SREBP has two hydrophobic Tm domains that allow both the
amino and carboxyl portions of the protein to protrude into the
cytoplasm. The amino portion of the protein contains the ac-
tivation domain, basic DNA binding domain, and leucine zip-
per, while the carboxyl terminus is thought to play a regulatory
role. Luman appears to have a single transmembrane domain,
suggesting that its proline-rich carboxyl terminus remains in
the lumen of the ER. We speculate that as with the SREBPs
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FIG. 8. Luman activates the HSV LAT promoter. HeLa cells were trans-
fected with the target plasmid pBB15, which contains 138 bp upstream from the
start of transcription of LAT and either pcDNA-0 or pcLuman-Lu. At 48 h after
transfection cells were lysed and assayed for CAT.

the amino-terminal portion of Luman, which contains its do-
mains for transcription activation dimerization and interac-
tions with HCF and DNA, is released by proteolysis. The
released product is probably unstable since mutants lacking the
carboxyl portion of the protein accumulated in the cell at much
lower levels than the wild-type protein (results not shown). The
instability of the truncated protein may explain why, while we
could visualize HCF in the nucleus of neurons of trigeminal
ganglia, we were unable to follow the possible translocation of
Luman from the cytoplasm to the nucleus in these cells. Insta-
bility of the truncated, and presumably active, form of Luman
may be a way of ensuring that the activation of the genes that
it regulates is transient.

We had previously shown that Luman strongly binds HCF
both in vitro and in vivo. Here we demonstrate that Luman
retained in the ER sequesters HCF. Since HCF is required for
cell cycle progression, one consequence of this might be that
cells expressing Luman are arrested in the G, phase. This may
explain why, despite several attempts, we have been unable to
obtain cell lines expressing Luman, even when we have used
tetracycline (14)- and Ecdysone (34)-inducible systems. It is
possible that in the absence of inducers these systems allow the
synthesis of small amounts of Luman which are enough to
cause cell cycle arrest.

We observed that Luman-expressing cells were resistant to
productive infection by HSV, at least as assessed by the lack of
gC in these cells after infection. Since gC is made late in
infection, we do not know at which stage of the replicative cycle
the infection was interrupted or the mechanism by which Lu-
man blocked HSV replication. Interaction between Luman
and HCF was required for protection against HSV since the
Luman (Y81A) mutant that does not bind HCF and does not
retain it in the cytoplasm, failed to protect cells. This suggests
that cells expressing Luman were protected from HSV repli-
cation by a mechanism that relied on retention of HCF in the
cytoplasm. A simple explanation for how Luman might protect
cells could be that Luman prevents HCF from entering the
nucleus, thereby blocking VP16-mediated IE gene expression.
However, our observations suggest that the mechanism might
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be more complex. In transfected cells enough Luman-HCF
makes it to the nucleus to activate the IE110-ICP0O promoter in
a VP16-independent manner. In addition, our preliminary re-
sults (unpublished) suggest that although Luman-expressing
HSV-infected cells fail to make detectable levels of the struc-
tural proteins gC, gB, and gD, they do synthesize the IE pro-
teins ICPO, ICP4, and ICP27.

Kristie and others found that, in contrast to other cell types,
in neurons of the trigeminal ganglia HCF is located largely in
the cytoplasm. It is translocated to the nucleus after death of
the animal and in response to other stimuli that lead to reac-
tivation of HSV in the mouse model (24). These authors sug-
gested that translocation of HCF to the nucleus may lead to
the activation of IE gene expression and reactivation. Since
latently infected neurons would not be expected to contain
VP16, activation of IE genes by HCF would likely be by a
VP16-independent mechanism. Kristie et al. suggest that this
may involve GA binding protein (GABP). The IE110 promoter
has binding sites for GABP, and T. M. Kristie (unpublished
observations) has indicated that activation by GABP may re-
quire HCF.

Our observations of sections of bovine trigeminal ganglia
support the results of our experiments with transfected cells in
culture and may explain two of Kristie’s observations. First,
these results provide a mechanism for the sequestering of HCF
in the neuronal cytoplasm. We found Luman and HCF in
neuronal cytoplasm in a pattern similar to that observed by
Kristie for HCF. In addition, in sections of ganglia the ER
marker Calnexin had the same punctate pattern, suggesting
that as in transfected cells Luman and HCF were associated
with the ER. In transfected cells we showed that the seques-
tering of HCF by Luman in the ER correlated with resistance
to HSV replication. Similar association of the two proteins in
neurons could also suppress replication and lead to latency, if
the initiation of viral replication at this site relied on an HCF-
dependent process. Second, our observations suggest a mech-
anism for the initiation of the replicative cascade once both
HCF and Luman are translocated to the nucleus. We showed
that Luman could efficiently activate the promoters of IE110
and LAT, two genes that appear to be critical for reactivation.
Our observations do not rule out the possibility that other
neuronal factors, such as GABP (24), also mediate activation.
They simply suggest that Luman may also play a role in reac-
tivation from latency. Recently, however, Davido and Leib (8)
showed that the region of the IE110 promoter that lies be-
tween —420 and —70 and includes the GABP-responsive sites
is dispensable for reactivation from latency. The Luman-re-
sponsive CREs lie downstream from this dispensable region.
Those authors discounted the role of the CRE because it did
not bind CREB and was nonfunctional in undifferentiated
neuroblastoma and pheochromocytoma cells (PC12). How-
ever, our preliminary data suggest that the IE110 CRE is
relatively specific for Luman, and we have been unable to find
Luman in undifferentiated PC12 cells. It is possible that Luman
is expressed only after differentiation of these cells into neu-
rons, and we are exploring this possibility. Interestingly, Su et
al. (49) have shown that HSV causes a long-term “quiescent”
infection in differentiated PC12 cells. We have not examined
differentiated PC12 cells for Luman expression, but it is tempt-
ing to speculate that Luman synthesis in response to differen-
tiation causes these cells to become resistant to virus infection.

We hypothesize that, as with SREBP, the retention of Lu-
man in the ER provides a means of responding rapidly to
conditions that might be detrimental to neurons. Release of
the complex from the ER and translocation to the nucleus
leads to the coordinate expression of genes that can correct
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these conditions. Furthermore, rapid degradation of Luman
released from the ER ensures that its activation of downstream
genes was transient. By requiring HCF for the initiation of its
replicative cascade, HSV exploits this pathway both for the
establishment of latency and reactivation from it. In the ab-
sence of free nuclear HCF in differentiated neurons of the
trigeminal ganglia, the virus is unable to replicate and becomes
latent. Release of Luman-HCF and translocation to the nu-
cleus activates IE expression in the absence of viral proteins
and leads to reactivation.
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